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Limited space and high costs for landfilling as well as increasing regulations in plastic
waste disposal, has led to high operating costs for organizations involved in managing plastic waste
from medical facilities which led to the need to investigate an alternative option such as pyrolysis.
The overall goal of this study was to evaluate pyrolysis as a means to repurpose plastic waste
obtained from medical service facilities into fuel and fuel additive compounds, with two objectives
involving, (1) to examine the effect of heat input (as voltage) and reaction/residence time; and (2)
to evaluate the effect of the plastic waste feed type on liquid pyrolysis product yield and chemical
composition.
Results showed an increase in liquid product yield as the voltage increased with peak value
at 80V, residence time effect was however minimal. The composition of the liquid product was
however not substantially affected by both voltage and residence time. Mixing of the plastic waste
showed a reduction in liquid product yield and also affected its composition. Products from the
pyrolysis process had potential for application as fuel or fuel additives or precursor for other
compounds of known industrial/commercial value as fuel additives, solvents, and raw material
chemicals. Catalytic cracking of the volatilized pyrolysis liquid products from PP on Si/Al-type
catalyst beds generated products with high potential fuel additives or chemical precursors
properties. This outcome can potentially contribute to decision-making by the project sponsors in
pursuing “green” alternative plastic waste management strategies.
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INTRODUCTION

1.1

Statement of the problem
Plastic consumption has risen over the past few decades with an estimated yearly

consumption of 100 kg of plastic per person globally (Mehrdad, Armando, Mehdi, & Hamid,
2015). Plastics production rose from 1.5 million tons in 1950 to ~322 million tons in 2015
(PEMRG, 2015). In 2015, the production of global plastic grew by 3.4% compared to 2014 with a
Compound Annual Growth Rate (CAGR) of approximately 8.6% between 1950 to 2015 period
(Gao, 2010). The long degradation periods of these plastic materials pose threats to environmental
sustainability (Gao, 2010). Over the years, different management approaches have been developed
to deal with the threat posed by growing amounts of plastic waste. Among these approaches are
landfills, recycling, and energy recovery processes
The use of landfills is a simple and easy approach but is not the ideal approach for plastic
waste disposal due to the long degradation periods for plastics and, as such, contributes to the
threat to environmental sustainability. Further, there is a dearth of landfill space, as well as the
potential for leaching of toxic plastic composition into soil which further compromise agricultural
lands and the environment. Recycling is one approach that has been used successfully. However,
the high expenses in sorting and decolorizing to prevent undesired coloration and reduction in
product strength are significant. Moreover, recycling only extended the usage period of plastic
materials but does not substantially reduce the volume of plastic waste (Kukreja, 2009).
Energy recovery processes represent the most effective approach to reducing the volume
of plastic waste significantly as they focus on potentially converting the plastic waste into other
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useful products such as fuel products. One of the energy recovery processes considered to be
environmentally effective is pyrolysis of plastic waste (Mehrdad et al, 2015; Gao, 2010). This
process is environmentally-effective because all the product and byproducts obtained can be useful
in other process and it allows for proper control and removal of any toxic substance which may be
harmful to the environment. Pyrolysis is the chemical decomposition of organic (carbon-based)
materials through the application of heat in the absence of air or oxygen (Boslaugh, 2018).
Pyrolysis, which is also the first step in gasification and combustion, occurs in the absence or near
absence of oxygen, and it is thus distinct from combustion (burning), which can take place only if
sufficient oxygen is present (Boslaugh, 2018).
Hospital Network Ventures, LLC (HNV), a waste management organization that manages
plastic waste from medical facilities in the Kalamazoo-Portage, MI area was interested in applying
pyrolysis as a means of managing the disposal of low level decontaminated plastic waste from its
client facilities. Although pyrolysis is a long-standing technique that has been in use for many
years, it was the application of this technique to the specific needs of medical plastic waste
management industries that lends to the need for an innovative approach. This was the primary
focus of this project. The limited availability and increasing costs of land for landfilling makes the
long-term use of landfilling an unsustainable waste management strategy for this company.
Because of this, HNV was interested in investigating an alternative approach for managing its
plastic waste and possibly producing a valuable product out of their plastic waste. The use of
recycling was a viable option, but it still does not reduce the volume of plastic waste. The available
plastic waste management process which was viable to the solution they sought was an energy
recovery process, and the economically- and environmentally-viable option among the energy
recovery processes was plastic waste pyrolysis. This required a systematic study to investigate the
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plastic waste pyrolysis process and it reached out to the academic community, specifically, to the
Western Michigan University College of Engineering and Applied Sciences, for assistance. The
part of their investigation covered by this study focuses on the potential production of fuel and/or
fuel additive compounds through pyrolysis of waste plastics and examining the effect of operating
conditions such as voltage input (in a bench scale process), residence time, and plastic waste feed
type on the liquid product yield and composition. The potential of contributing to solving a
problem that has it bearing on environmental preservation, the promise of producing a valuable
fuel product to reduce the burden on fossil fuel thereby providing more energy options, and the
prospect of gaining knowledge that can reduce the threat posed by plastic waste, thereby providing
proper sanitation especially for my fellow countrymen (Ghana), motivated me to participate in this
project. This project, therefore, sought to evaluate the application of an energy recovery
technology, which in this case pyrolysis, in converting plastic waste obtained from medical service
facilities into fuel and/or fuel additives, with an additional focus on examining the effect of voltage
input (with reference to a bench scale process), residence time, and plastic waste feed type on the
liquid product yield and composition.

1.2

Research questions
This research sought to answer the following questions regarding product or process

optimization:
1. How does voltage input and residence time variation influence the bench-sale
electric-powered plastic pyrolysis process in terms of product yield and product
composition?
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2. How does composition of the plastic waste feed type being pyrolyzed affect the
product yield and composition. Is it more efficient to sort them and pyrolyze them
separately or was it more efficient to pyrolyze all materials together?
1.3

Overall research goal and specific research objectives
The overall goal of this study was to evaluate pyrolysis as a means to repurpose plastic

waste obtained from medical service facilities into fuel and fuel additive compounds. To answer
the above-mentioned research questions, the following specific research objectives were
addressed. Studies and experiments under the two specific objectives utilized the same
experimental procedure and methods.
Research Objective 1: Examine the effect of heat input (as voltage) and reaction/residence
time on liquid pyrolysis product yield and chemical composition.
The purpose of this Research Objective was to understand the effect of operating
parameters such as voltage input and residence/reaction time on the effectiveness of the pyrolysis
process in converting the medical plastic waste materials into a liquid product stream that can be
used as an alternative fuel. A semi-batch pyrolysis reaction setup was used for this study.
Treatment combinations of four different voltage inputs (60 V, 70 V, 80 V, 90 V) and three reactor
residence times (45 min, 50 min, 55 min) were tested. Condensable liquid pyrolysis product yields
from the different treatment combination experiments were measured gravimetrically and
analyzed for composition of fuel- or fuel-additive compounds using gas chromatography mass
spectrometry (GCMS). The findings that were derived from experiments under Objective 1
provided information on the appropriate levels of scalable critical operational variables that are
expected to substantially influence the effectiveness of the pyrolysis process in converting medical
plastic wastes into a potentially valuable product.
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Research Objective 2: Examine the effect of the plastic waste feed type on liquid pyrolysis
product yield and chemical composition.
The purpose of this Research Objective was to compare the use of a mixed plastic type
waste stream as pyrolysis substrate as opposed to those separated individually according to the
plastic type. The approach used the same semi-batch pyrolysis reaction setup for each three
different types of pure plastic waste feed (High Density Polyethylene (HDPE), Polypropylene
(PP), and Thermoplastic Polyurethane (TPU)) and a mixture of all three plastic waste feed type.
These plastic types were pyrolyzed individually and in a mixture using a fixed residence time (50
min) at different voltage inputs (60 V, 70 V, 80 V, 90 V). Liquid products obtained under each
tested condition was weighed and characterized using GCMS to ascertain the product composition.
1.4

Significance of the research
The studies proposed under this master’s thesis research project generated important

process information for operating a pyrolysis reaction to convert medical plastic waste streams
containing mixed plastic types into a potential fossil fuel alternative product. It also contributed to
the understanding of the plastic waste pyrolysis process which can aid in deciding the feasibility
of this approach in handling medical plastic wastes and reducing their landfill disposal.
This study was important for a variety of reasons, including the social imperative to help
protect the environment. The disposal of plastic waste had become a recognized problem and poses
a threat to environmental sustainability in terms of pollution, and the loss of valuable land space
to landfilling. As such, the potential knowledge that was obtained from this study can prospectively
contribute to the development of adequate means of plastic waste management which will help
reduce the threat pose by plastic through landfilling thereby helping to sustain the environment.
The prospect of producing valuable products such as fuel from plastic waste also provided a viable
option that can potentially help reduce the burden on fossil fuel.
5

Lastly, this study had great merit because it covers a different waste combination covered
in past studies which promised further understanding of the plastic waste pyrolysis process and
was designed to solve an existing problem. To the best of our knowledge, there were still no
studies designed to cover the category of plastic waste combination used in this study to
accomplish these goals. The outcome had the probability of providing further understanding of the
plastic pyrolysis process and contribute to the gaps in the existing knowledge.
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LITERATURE REVIEW

2.1

Energy recovery processes in plastic waste management
There are several emerging energy recovery processes that have been implemented over

the years to help curb the rising threat of plastic waste on the environment as we run out of space
for landfills. Preceding these emerging processes was a mass burning process known as
incineration which involved the burning of plastic waste in an open flame (combustion) through
which some of the heat generated is used in boiling processes. However, the production of harmful
air pollutants such as nitrous oxides, dioxins, and other chemicals, as byproduct rendered this
process non-ideal due to the environmental concerns. Moreover, landfills do not represent an ideal
solution due to the long degradation period of plastics (Seltenrich, 2018). These concerns
contributed to the exploration of energy recovery processes to deal with plastic wastes. Among
these energy recovery processes are gasification, plasma gasification, pyrolysis, depolymerization, and dehydrogenation processes (Seltenrich, 2018). All these processes are
conducted in an oxygen-controlled environment ranging from low to oxygen-free utilizing heat in
breaking down long chain molecules into short chain compounds that could be utilized as fuel
molecules.
The pyrolysis process represented an ideal method to be used in this study due to its lower
energy usage compared to other energy recovery processes. The flexibility in terms of product
produced (tar or char, liquid fuel, and non-condensable gas) without it being specific or selective
in producing a specific product made it ideal for a start-up process studies. Pyrolysis of plastics
can be conducted at temperatures around 300 °C and above. The pyrolysis process has been
extensively used in converting different types of plastics into liquid fuel products. The absence of
any form of combustion in this process due to its operation in an oxygen free system reduces the
7

amount of air pollutants (toxic fumes) produced, making it the most environmental friendly among
the energy recovery process (Gao, 2010). This coupled with its simplicity in operation compared
to other energy recovery processes made it the ideal choice for this project study other than energy
recovery processes such as gasification
Gasification is a thermochemical process that generates a gaseous, fuel rich product. The
gasification process uses a pyrolysis process in conjunction with oxygen combustion. The first
stage of this process involves pyrolyzing the plastic materials and in the second stage, the carbon
remaining after pyrolysis is either reacted with steam or hydrogen or combusted with air or pure
oxygen. It is usually conducted at higher temperatures above 600 °C (1112 °F) (Klein, 2002). The
gasification process that utilizes air combustion results in the production of nitrogen-rich low BTU
flue gas while the one that uses steam produces hydrogen- and carbon dioxide-rich synthetic gas
(syngas) (Klein, 2002). The high temperatures involved in this process indicates the need for a
high energy input which leads to high expenses with regards to energy usage (Seltenrich, 2018).
The gasification process is mostly implemented with focus on the production of gaseous fuel. The
specificity of this process to the production of gas, the high operating temperatures contributing to
high expenses on energy usage, and the possibility of produce harmful air pollutants, even if it is
in reduced quantities, limited its application to this study (Klein, 2002).
The dehydrogenation process is also an energy recovery process that is applicable to
plastic waste for selective dehydrogenation of saturated hydrocarbons to unsaturated hydrocarbons
(Enciclopedia italiana , 2005). It is often conducted at temperatures above 500 °C which makes
it energy intensive and is used to convert plastic waste to liquid fuels and waxes. It involves the
utilization of catalysts, sometimes enzymes, and other reactive compounds to achieve the
conversion process. This process is used for selective process in which specific product
8

compositions are required (XiangQing et al., 2016). The ability for this process to selectively
produce required products makes it ideal for an upstream process in the petrochemical industry.
However, the complexity involving the use of specific chemicals, enzyme, and catalyst and the
associated high expenses in energy usage does not make it ideal for a start-up process. Therefore,
the application of this process to this study was limited for optimization purposes.
2.2

Plastic pyrolysis process
Pyrolysis process is basically a cracking process usually applied to long chain heavy

hydrocarbons to break them down to light hydrocarbons, a process known in many books and
researches as depolymerization (Gao, 2010). Plastic pyrolysis has been found to produce an
average liquid yield of 50 wt% (Wong et al., 2015).
Over the past decades, several researchers studied plastic waste pyrolysis with focus on
understanding the process to optimize it. The impact of different types of plastics on the process
has also been studied. Researchers including Kaminsky, Scheirs and their associates investigated
the effects of reaction conditions on the products and identified temperature as the most influential
condition (Kaminsky, Schlesselmann, & Simoon, 1995). Other conditions included plastic waste
substrate or chemical composition of feedstock, reaction time, catalyst, heating rate, pressure, and
other chemical interference like the presence of air, and H2. The effect of chemical interference is
not a concern as the process used in this study did not incorporate any chemical for the pyrolysis
process. (Scheirs & Kaminsky, 2006) . Others including Williams have studied the pyrolysis of
different plastic types, and mixed plastic wastes and found out that different plastic types produce
different product yield and product composition. They also identified that the percentage of liquid
oil yield produced using mixed plastic waste is significantly lower than the yield for individual
plastic types with high liquid oil (Williams & Williams, 1997). Catalytic effect on the reaction
9

process have also been investigated by Aguado et al, (Aguado, Serrano, & Escola, 2006). All of
these studies were centered on the effects of operating temperature, heating rate, and catalyst on
product yield (Gao, 2010). Laboratory scale process including batch or semi-batch systems were
used in these studies.
Most of these studies however were focused on the plastic waste types commonly known
to the public such as HDPE, LDPE, PP, PET, and PS among the seven main categories of plastics
which are usually identified in domestic waste streams (Gao, 2010). There are several plastic types
categorized as others, an example being thermoplastic polyurethane (TPU). Some of these plastic
types are mostly produced for special purposes including the manufacturing of medical equipment
and TPU is one of them. TPU find use in a number of medical applications including catheter and
general-purpose tubing, hospital bedding, surgical drapes, wound dressings, as well as in a variety
of injection molded devices and also as a short-term implants all as a results of it good
biocompatibility, flexibility, high resistance to abrasions and strength, and versatility (American
Chemistry Council, 2018).
This study was therefore focused on plastic waste from medical facilities with focus on
evaluating the effect of voltage input, residence time, and plastic waste type on the pyrolysis
process in terms of the liquid product yield and composition. The plastic types identified in the
plastic waste from the medical facilities for this study includes HDPE, PP, and TPU.
2.2.1

Pyrolysis reaction

The pyrolysis reaction process includes four stages known as the initiation stage,
propagation stage, hydrogen chain transfer, and termination Stage. There are two possible groups
of product species resulting from the pyrolysis process: “molecules including alkane, alkene, and
dialkene, etc.; and free radicals which also contain unpaired electrons either at the ends or in the
10

middle of the free radicals” (Gao, 2010; Regnier & Mortaigne, 1995; Blazso, 2006; Murata, Sato,
& Sakata, 2004; Bains, 1994).
The initiation stage is where the molecules break down to form free radicals. The
propagation stage is an intermediate reaction stage in which the free radicals from the initiation
stage is further cracked (McCusker, Liebau, & Englehard, 2003). β-scission is a hydrocarbon chain
breaking reaction that causes the chain to randomly break at the middle of at the end. β-scission
has been reported as the main propagation reaction associated with the plastic pyrolysis process
from literature according to Gao et al., and is made up of mid chain random scission and end chain
scission (Gerpen, 1999). In Polyethylene pyrolysis for instance, alkene molecules and smaller free
radicals are produced at this stage and the process at this stage can be used to explain the residence
time and molecular weight distribution in the pyrolysis process. The termination stage is basically
the combination of two free radicals or the disproportionation of the free radicals.
Because of the combination reaction, the final products vary largely when free radicals
from different plastics are present in the pyrolysis process (Gao, 2010) hence the possibility of
differing product composition with varying operating conditions. The composition of the product
determines the dominant reaction stage. The change in operating conditions such as temperature,
raw material composition, catalyst, residence time, reactor type, and heating rate affects the
reaction process and as a result contributes to changes to product yield and composition (Aguado
J. , 2007.; Aguado, Serrano, & Escola, 2006) Even though studies on the kinetics of the pyrolysis
reaction was not considered in this study, it was necessary to understand the background of the
pyrolysis process to fully understand and optimize the process.
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2.3

Factors that affect plastic waste pyrolysis
Several factors affect pyrolysis of materials. As earlier indicated, pyrolysis is the use of

heat to break down materials without the presence of oxygen. The following factors influence
pyrolysis of plastics, chemical composition of the feedstock, cracking temperature and heating
rate, type of reactor, residence time, use of catalyst, pressure, and other chemical interference like
the presence of air, and H2, (Gao, 2010). The chemical interference is a concern for this study as
there will be no chemical or air allowed in the pyrolysis process. The pyrolysis process provides
various operational, environmental, and economical advantages. Under pressure and heat, the long
chain polymers of hydrogen, oxygen, and carbon decompose into short-chain petroleum
hydrocarbons with a ceiling length of around 18 carbons (Ramakrishnan, 2015). Some of the
selected factors that was considered in this study included voltage input relating to reaction
temperature, residence time, and raw material feed substrate.
2.3.1

Composition of feedstock

Plastic materials are polymers made up of a combination of monomers using chemical
reaction technologies. This means a plastic material is made up of long chain of monomers and as
such when subjected to a cracking process, the chains linking this monomer together is broken
returning the polymer material into its initial monomer state (McMurry, 2000). This indicates that
the constituent of the product obtained by pyrolysis of plastic is dependent on the monomer
composition of the plastic waste feedstock. A polyethylene plastic pyrolyzed is likely to yield a
product with an ethylene constituent (Ahmad et al, 2014).
Some of the most commonly used polymeric hydrocarbons include HDPE, LDPE, PP, PS,
PET, PVC, and Others. The plastic wastes generated by medical services facilities are made up of
all these plastic types and a few under those categorized as others. A few of these types from HNV,
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LLC’s plastic waste including HDPE, PP, and TPU were selected as the materials to be
investigated in this study because of their dominant presence in their plastic waste. A chain
polymerization process is used to form these polymeric hydrocarbons (McMurry, 2000). An
example of which is the formation of polyethylene using an ethylene monomer through a chain
polymerization process. (Gao, 2010). A more specific classification of plastics is based on the
shape of the polymer structure, and upon the mechanism of polymerization.
A polymer’s structure being it linear, branched, or cross linked is directly related to its
density. Both structure and side chain functional group affect the product of pyrolysis. For
instance, according to Gao, the dominant component in the polystyrene pyrolysis product is styrene
(Gao, 2010). There are also possible reformation reactions taking place due to the composition of
feedstock as it is evident that other component is identified in the product of pyrolysis of some
plastic materials. For instance, a work done by Sachin Kumar and R. K. Singh on the pyrolysis of
HDPE showed dominant components in the form of n-Octadecane, n-Heptadecane, 1-Pentadecene,
Octadecane, Pentadecane, and 1-Nonadecene resulting from reformation (Kumar & Singh, 2013).
The type of plastic being pyrolyzed and it make up therefore had significant effect on the process
and product of plastic pyrolysis. Part of this current thesis study involves studying the effect of the
composition of the plastic waste on the conversion process as reformation reactions and secondary
reactions are found to be evident due to the composition.
TPU pyrolysis has been studied by several researchers, including Zhang et al. The
characterization of the product obtained from pyrolyzing TPU was extensively studied by Zhang
et al. using temperatures ranging from 250 °C to 750 °C. They concluded from their studies that
the product composition distribution was dependent on the pyrolysis temperature (Zhang, Xia,
Hong, & Chen, 2008). Weight yields of methane (16%), ethylene (4.8%) and benzene (4.6%) have
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been reported in studies of the pyrolysis of semi-rigid polyether-polyurethane conducted by
Grittner et al, at 700 °C and 800 °C (Grittner, Kaminsky, & Obst, 1993). TPU pyrolysis typically
gives pyrolysis typically gives (at >450 C) 5–25 %-wt char, 10–45 %-wt liquids and >40 %-wt
gases (Zia, Bhatti, & Bhatti, 2007). Thermogravimetric studies conducted by Rotival et al. for the
thermal decomposition of polyurethane produced gases such as CO, CO2 and HCN, carbonyl
compounds and phenyl isocyanate (Rotival, Renacco, Arfi, Pauli, & Pastor, 1994). Font et al also
identified CO, methane, ethylene, benzene, hydrogen cyanide, styrene, aniline, benzonitrile, 1propenyl-benzene, naphthalene and other hydrocarbons in their studies between temperatures of
650 °C to 800 °C (Font, Fullana, Caballero, Candela, & Garcı´a, 2001). It can be inferred from
literature that possible fuel or fuel additives can be obtained from TPU pyrolysis.
HDPE are long chain polymers with high strength due to their linearization and high degree
of crystallinity. A micro steel reactor pyrolysis of HDPE by Ahmad et al. using a temperature
range of 300-400 °C at a heating rate of 5 to 10 °C /min produce a liquid product yield of 80.88
wt% (Ahmad et al., 2014). Kumar and Singh also reported liquid oil yield of 79.08 wt% using a
pyrolysis temperature range of 400-500 °C in a semi-batch reactor (Kumar & Singh, 2011). GCMS characterization of fuel from HDPE pyrolysis conducted by Kumar and Singh, showed the
presence of functional groups such as alkanes, alkenes, alcohols, ethers, carboxylic acids, esters,
and phenyl ring substitution bands with the main constituents as n-Octadecane, n-Heptadecane, 1Pentadecene, Octadecane, Pentadecane, and 1-Nonadecene (Kumar & Singh, 2013).
Ahmad et al., conducted a study on PP pyrolysis and reported a liquid product yield value
of 69.82 wt% at a temperature of 300 ºC with a total conversion of 98.86% (Ahmad et al., 2014).
Sakata et al., also reported a liquid product yield of 80.1 wt% at a temperature of 380 ºC (Sakata,
Uddin, & Muto, 1999). Fakhrhoseini and Dastanian reported the highest liquid product yield of
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about 82.12 wt% at a temperature of 500 ºC with further increase in temperature reducing the
liquid product yield (FakhrHoseini & Dastanian, 2013). GC-MS characterization of liquid product
from PP pyrolysis was conducted by Ballice and Reimert and major components including 2methyl-4-octene, 2-methyl-2-octene, 2,6-dimethyl -2,4-heptadiene, 2,4-dimethyl-1-heptene, 2methyl-1-octene were reported (Ballice & Reimert, 2002).
Sorting of plastic waste is mainly employed in the recycling process to prevent
contamination. The believed advantage of the pyrolysis process is the fact that mixing of the plastic
waste does not pose much problem. A small amount of PVC present in a PET recycling process
can contaminate the whole process rendering the PET resin brittle and yellowish (Gao, 2010).
Even though contamination is not a problem with regards to pyrolysis, it has been found that
mixing can affect the liquid product yield and quality. The added effect is the possible extra cost
in energy usage, and further separation and cleaning process. Studies have indicated that whenever
there is a mixture of substances to be heated, the melting point as well as the boiling point of the
mixture is usually lower than the melting point of the component with the highest melting point.
Studies conducted on the pyrolysis of mixed plastic waste by Kaminsky et al. produced a liquid
yield of 48.4 wt% using a fluidized bed reactor at 730 ºC . The mixture was made up of 75%
polyolefins (PP and PS), and 25% PS (Kaminsky, schlesselmann, & Simon, 1996). The reports by
these studies indicates different liquid yield produced for different plastic types which goes to
confirm the influence of the raw material composition on product yield. As part of this thesis study
the effect of the plastic waste type (HDPE, PP, TPU and mixed plastic waste) on voltage usage,
yield, and product composition was investigated. This was done by studying the individual plastic
waste type and comparing them to a mixture of these plastics.
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2.3.2

Reaction temperature

Pyrolysis is basically a cracking process and in any cracking reaction, temperature is the
most dominant thermodynamic parameter to consider. During the pyrolysis process, the physical
properties of the plastic changes at different temperatures before reaching the decomposition
temperature. The carbon chain is broken into shorter chains over the course of the processing
temperature. Different types of plastic respond differently to the same temperature in terms of
decomposition. Three major transitions occur with increasing temperature; glass transition,
melting, and decomposition. Thermoplastics acquires enough energy as temperature rises to allow
it chains to move freely during the glass transition state thereby obtaining a rubber-like form (Gao,
2010). The temperature at this point is known as the glass transition temperature (Tg). The melting
state is the state where a liquid-like form is obtained and the temperature at this point is the melting
temperature (Tm). Beyond this state is where decomposition starts and the temperature at this state
is the decomposition temperature (Td). The plastic material goes through different stages during
pyrolysis and an understanding of the temperature profile during this stage transitions is vital to
determining the optimum operating temperature for the pyrolysis process. Figure 2-1 depicts the
transition as applied to PET with it corresponding temperature profile. (Wunderlich, 2005). The
plastic goes through glass transition, cold crystallization, melting before decomposition.
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Figure 2-1: The phase transitions of PET by differential thermal analysis (Wunderlich, 2005)
These processes are described by the elastic modulus changes that occurs in plastics as the
temperature increases and is represented in Figure 2-2 (Baker & Mead, 2000).

Figure 2-2 Effect of temperature on elastic modulus of polymers (Baker & Mead, 2000)
Some polymeric materials can be cracked by increasing the temperature but not all follow
the same condition. The force of attraction between the molecules is a Van der waal’s force and
prevents the collapse of molecules (Gao, 2010). Molecules tend to evaporate from the surface of
objects with sufficient vibration because of increase in temperature. On the other hand, if the
energy induced by the Van der Waals force along the polymer chain is greater than the enthalpy
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of the C-C bond, the C-C chain will break (Patra & A. Yethiraj, 2000). This is what led to the
decomposition of high molecular weight polymers when heated instead of boiling. The
temperature for breaking the C-C bond in the same type of plastic material should be constant in
theory but some studies have shown that is not the case. For example, the temperature when PP
starts cracking was reported at 380 ºC in Ciliz et al.’s result but it is measured to be 650 ºC (Ciliz,
Ekinci, & Snape, 2004) in Demirbas’s result with both studies using similar approaches in their
study (Gao, 2010). The difference might be from the position of the temperature probe. As a result
of this observation, voltage input was used as the operating variable with regards to heat
application instead of temperature in this study.
Several reports indicate that the thermal cracking temperature range differ according to the
composition or type of plastic waste. According to Shafferina et al, Cepeliogullar and Putun
reported in their study that only a small change in weight occur between 200 ºC to 400 ºC during
PET pyrolysis with the main degradation occurring beyond 400 ºC (Cepeliogullar & Putun, 2013).
It was observed in their study that maximum degradation of PET occurred at 427.7 ºC whereas no
further degradation occurred beyond 470 ºC and they therefore concluded that degradation of PET
material occurred within the temperature range of 350 ºC to 520 ºC (Cepeliogullar & Putun, 2013).
Chin et al. reported thermal degradation of HDPE to have started at 378 ºC to 404 ºC and
almost completed at 517 ºC to 539 ºC using thermogravimetric analysis using different heating
rate in which they found that higher heating rate increases the rate of the reaction (Chin, Yusup,
Ahmed, & Shaharin, 2014). Marcilla et al, found in their study that the maximum degradation rate
of HDPE occurred at 467 ºC. This important temperature needs to be considered when running the
pyrolysis experiment to ensure the most optimum liquid yield (Marcilla, Garcia, Sanchez, & Ruiz,
2005).
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PP had lower thermal degradation temperature when compared to HDPE. According to
Jung et al, who studied the effect of temperature on HDPE and PP pyrolysis in a fluidized bed
reactor (Shafferina, Faisal, Wan, & Mohamed, 2016), they found that the main decomposition of
HDPE and PP happened within the range of 400 ºC to 500 ºC

based on derivative

thermogravimetry analysis (DTG) curves (Jung, Kang, Cho, & Kim, 2013). However, it was
observed that the weight loss of PP fraction started to occur at lower temperature below 400 ºC in
comparison to the HDPE fraction. Marcilla et al, (Marcilla, Garcia, Sanchez, & Ruiz, 2005)
discovered that the maximum degradation temperature for PP was 447 ºC while HDPE was 467
ºC where the major weight loss happened. Theoretically, PP degraded faster than HDPE since half
of the carbon in PP chain is tertiary carbon, consequently ease the formation of tertiary carbocation
during the degradation (Jung, Kang, Cho, & Kim, 2013). Onwudili et al, have investigated the PS
pyrolysis in a batch reactor. From their studies, they found that no reaction seems to take place at
300 ºC. However, they found that PS degraded completely into highly viscous dark-colored oil at
lower temperature of 350 ºC (Onwudili, Williams, & Insura, 2009). Thus, it was worth noting that
the thermal degradation temperature of PS would be in the range of 350 ºC to 500 ºC approximately
(Shafferina, Faisal, Wan, & Mohamed, 2016).
It was therefore worth noting that, from the literature observation, temperature had the
greatest impact on reaction rate and desired product yield. The different temperature values
reported in literature are due to the different location of temperature sensors used by various
researchers. Shah et al, studied the pyrolysis of a mixture of PP, PS, and PE at different reaction
temperatures. It was found that higher reaction temperature favors the gas production and
production of heavy molecular weight products in the liquid (Shah, Rockwell, & Huffman, 1999).
This was significant to this study as the effect of voltage input, which is directly related to the
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reaction temperature, on the product yield and composition was to be investigated for plastic types
including PP, TPU, and HDPE.
2.3.3

Residence time

Pressure and residence time have significant effect on almost every reaction. Residence
time is most significant for batch processes. The definition of residence time differs according to
various studies. In a batch process residence time refers to the time between when feedstock
materials start heating to the time when the reaction is complete. In continuous processes, it refers
to the contact time of the plastic waste on the hot surface throughout the reactor. According to Gao
et al., longer residence time favors a further conversion of the primary products thus yielding more
thermal stable products such as light molecular weight hydrocarbons, and non-condensable
petroleum gases (Gao, 2010) ; (Aguado J. , 2007.) ; (Hernández, 2006). Long residence time in
batch processes promotes the carbonization process and produces more tar and char in the products
(Buekens, 2006). However, there is a temperature limitation in the process that may influence the
product distribution where until that instant, the residence time has not much effect on the product
distribution. Mastral et al. (Mastral, Esperanza, Ceamanos, & Burreco, 2003) in their study of the
effect of residence time on product distribution of HPDE found out that longer residence time
produced higher yield of liquid product when the temperature was not more than 685 ºC and
beyond that temperature the influence of residence time was minimal according to Shafferina et
al,. Table 2-1 represent the pyrolysis conditions, residence time, and the target products associated
with it. Depending on the heating rate used the residence time for a pyrolysis process can range
from under 1 s to days. Usually the desired product and the available time constraints determines
the heating rate. A fast process in this case will be in a form of plasma pyrolysis and is utilized
mostly for gas production. Some researchers have reported further pyrolysis otherwise known as
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secondary cracking of the primary product, a factor contributed by high levels of pressure,
extended residence time, low heating rates, and high refluxes. This process is usually associated
with PE pyrolysis and on few occasions with PS pyrolysis (Sobko, 2008) ; (Ciliz, Ekinci, & Snape,
2004) ; (Simon, Kaminsky, & Schlesselmann, 1996). Secondary cracking usually occurs with
heavy hydrocarbons. Large portions of the product from PE pyrolysis are heavy molecular weight
hydrocarbons which makes it more susceptible to secondary cracking. Products from PS, PVC,
and PET are mostly short chain light hydrocarbons which makes them less vulnerable to secondary
cracking. This thesis project sought to investigate this effect by using different residence times and
investigating the changes in product composition and yield based on residence time effect.
Table 2-1: Pyrolysis process and target products (Jung & Fontana, 2006)
Process

Heating rate

Residence

Temperature (ºC) Target Products

time
Slow

Very Low

Days

450 to 600

Charcoal

carbonization
Slow pyrolysis

10 to 100 K/min 10 to 60 min

450 to 600

Gas, oil, char

Fast pyrolysis

Up to 1000K/s

550 to 650

Gas, oil, char

Flash pyrolysis

Up to 10000 K/s < 1s

450 to 900

Gas, oil, char

0.5 to 5 s
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Table 2-2: Reported reaction temperature ranges and reaction time for some types of plastic
pyrolysis (Gao, 2010)
Plastic type

Reported reaction temperature

Reported reaction time

ranges (ºC)
HDPE

370-550

10-60 minutes

LDPE

360-550

10-60 minutes

PE

10-60 minutes

PS

350-500

10-60 minutes

PET

350-520

10-60 minutes

PP

400-500

10-60 minutes

PVC

220-520

10-60 minutes

Residence time is easier to control in batch process but difficult to directly control it in
other process. It can be controlled by adjusting other process parameters like feeding rate and
product discharge rate. Residence time has significance impact on product distribution, but it is
still influenced by temperature. It has been observed in literature that most researchers don’t focus
much on residence time but mostly on the effect of temperature. This observed effect of residence
time on the process as well as the influence of temperature on the residence time effect was
considered in this study. Each type of plastic type has a temperature range within which it degrades,
and Table 2-2 indicate some plastic types and their pyrolysis temperature ranges and residence
times. This shows that each plastic type is associated with different degradation temperature.
2.4

Knowledge gaps in previous studies and research focus
Previous studies have been based on plastic waste from domestic users, virgin plastics for

research purposes, and educational institutions. This research, however, was based on plastic
wastes generated by medical services facilities.
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Past research work also focuses on temperature as the changing variable in studying the
effect of heating condition, however similar report of yield at different temperature settings
indicate some deficiencies in using temperature as the measuring variable. For instance, Ciliz et
al. reported 380 ºC as the temperature at which PP starts cracking (Ciliz, Ekinci, & Snape, 2004)
but it is measured to be 650 ºC in Demirbas’s result (Demirbas, Pyrolysis of municipal plastic
wastes for recovery of gasoline-range hydrocarbons., 2004). Both researchers used similar batch
process reactor and thermos-gravimetric analysis. Based on the provided schemes, the most likely
reason is the difference in the temperature measurement location where the temperature sensors
were located (Gao, 2010). This study therefore, used voltage input as the measuring variable which
can easily be scaled up into an industrial size process as well as accuracy. The amount of voltage
input together with the residence time for every test run was converted into energy input per gram
of feedstock through calculation using the current and reaction time as electrical power was used
as the heating source. A sample calculation for the energy used per gram is shown in the appendix.
There are numerous different types of plastic with different composition and past studies
have established the significant effect of the feedstock composition on liquid product yield as well
as the nature of the feedstock. Different individual plastic types have produced different yield
according to past studies and different plastic waste mixtures have been studied with liquid yield
reported to have been reduced below the yield of the component with the highest liquid yield (Ciliz,
Ekinci, & Snape, 2004). However, there are a wide range of plastic types in the waste stream,
specifically from medical facilities which were still not covered by the numerous studies conducted
in this area leading to knowledge gaps, and one of such combination was what this study covered.
The study covered the combination of HDPE, PP, and TPU as a feedstock substrate.
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This thesis study therefore took a slightly different approach to the study of plastic waste
pyrolysis from previous studies by using voltage input as the measuring variable and focusing on
plastic waste from medical facilities and considering a combination of plastic waste not considered
by past studies. The concept and approach are covered in the next chapter and it was designed to
depict the objectives of this studies potentially provided answers to the proposed research
questions.
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METHODOLOGY

The proposed approach for the study was to use a laboratory scale semi-batch process for
the plastic pyrolysis. A GCMS analysis was conducted for each product obtained under each of
the investigated condition for both research objectives to ascertain the effect on product
composition. The experimental procedure for the pyrolysis process was the same for both research
objectives with only the conditions changing. The plastic materials were obtained as pellets from
HNV, LLC (Project sponsors). The materials, equipment, and chemicals needed for the study are
listed in Table 3-1 and will be discussed further in this section. The pre-processed feedstock
samples for the study are shown in Figure 3-1.
Table 3-1: The materials, equipment, and chemicals for this study
Materials

Equipment

Chemicals

Plastic waste type

Heating mantle (Max temp:

NaOH

•

HDPE

600 ºC), Thermocouple,

•

PP

temperature reader, Three-

•

TPU

neck Round bottom flask, two
condensers, conical flasks,
flexible tubes, glass adapters,
stoppers, Varian 3900 GC
equipped with Saturn 2100T
MS, water circulater.
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TPU

HDPE

PP

Figure 3-1: Granulated feedstock samples HDPE, PP, and TPU plastic waste
Some of the factors that influenced the plastic pyrolysis process were plastic waste composition,
temperature, and residence time. It was therefore the specific objective of this research to 1).
examine the effect of the plastic waste feed type on liquid pyrolysis product yield and chemical
composition, and 2). examine the effect of the plastic waste feed type on liquid pyrolysis product
yield and chemical composition. Product yield and product composition for individual plastic
waste materials was studied and compared with the product yield and product composition
obtained by pyrolyzing these individual plastic waste types together (mixed plastic waste). The
realization of these two objectives will potentially answer the two research questions:
1. How does voltage input and residence time variation affect the bench-sale electric-powered
plastic pyrolysis process in terms of product yield and product composition?
2. How does the composition of the plastic waste feed type being pyrolyzed affect the product
yield and composition? Is it more effective to sort them and pyrolyze them separately or is it
more effective to pyrolyze all materials together?
To potentially solve these questions, three plastic waste types was selected for this study
including HDPE, TPU, and PP. A pyrolysis process in addition to a characterization process
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(GCMS) was used to investigate both specific research objectives. PP plastic waste type was used
to evaluate the effect of voltage input and residence time variation on the liquid product yield and
product composition. All three-selected plastic waste type was then used to investigate how the
type of plastic in the waste material affect yield and product composition. The study was designed
to correspond to each specific objective. The same experimental procedure and process was used
for both objectives:
3.1

Method for specific research objective 1
The purpose of the first specific research objective was to understand the effect of operating

parameters such as voltage input, and residence/reaction time (the total time allowed for the
reaction process) on the pyrolysis process in determining product yield and composition. Four
different variations of voltage input (60 V, 70 V, 80 V, 90 V) was tested against three variations
of residence times (45 min, 50 min, 55 min) based on the matrix in Table 3-2. Products obtained
under each tested condition will be characterized to ascertain the composition of the product.
Table 3-2: A matrix depiction of the varying conditions for the pyrolysis process for the power
and residence time effect
60 V

70 V

80 V

90 V

45 min

X

X

X

X

50 min

X

X

X

X

55 min

X

X

X

X

•
3.2

X represent the potential liquid oil yield measured in wt%

Method for specific research objective 2
The purpose of the second specific research objective was to study the effect of mixed

plastic waste on the liquid product yield and composition. The term “mixed plastic waste” is
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defined as waste that is comprised of more than one type of plastic (Gao, 2010). To investigate the
plastic waste type effect, each individual plastic waste type was pyrolyzed using the four voltage
variations tested at a fixed residence time. Three different types of plastic waste materials were
used in this part of the study and included HDPE, PP, and TPU. These plastics was pyrolyzed
individually using a fixed residence time 50 minutes with varying voltage inputs (60 V, 70 V, 80
V, 90 V). A mixed waste containing equal percentages of the HDPE, TPU, and PP, in terms of
weight, was pyrolyzed under the same condition. The experimental design for this process is
depicted in the matrix in Table 3-3. Products obtained under each tested condition was
characterized to ascertain the product composition
Table 3-3: A matrix depiction of the varying conditions for the pyrolysis process for the plastic
waste composition effect
60 V

70 V

80 V

90 V

PP

X

X

X

X

HDPE

X

X

X

X

TPU

X

X

X

X

MIXED

X

X

X

X

•
3.3

X represent the potential liquid oil yield measured in wt%

Pyrolysis process: experimental procedure
A laboratory scale semi-batch process was used for the pyrolysis of the plastic materials.

The semi-batch process allows for the removal of the product formed as the reaction proceeds
(Worstell, 2015). This system was used for both the studies involving the voltage input and
residence time effect as well as the mixed plastic waste effect. Ramakrishnan used this process
(Ramakrishnan, 2015). A 2 L round bottom flask was used as the reactor chamber, and a condenser
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unit for the distillate. A neutralization unit that utilizes NaOH solution of different molarities was
employed to neutralize any possible toxic component of the non-condensable gases. A heating
mantle with voltage input control was used as the heating source for the pyrolysis process. A
schematic diagram of the pyrolysis process is shown in Figure 3-2.

Figure 3-2: schematic diagram of the pyrolysis process

Figure 3-3: pyrolysis process laboratory set-up (semi-batch process)
The first of the procedure was to mount the experimental set-up as shown in Figures 3-3. This
involves a 2 L three-neck round bottom flask, a heating mantle, a condenser, a thermocouple,
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condenser adapters, conical flasks to use as a receiver and as reservoir for the NaOH solution, and
retort stands. The set-up has the round bottom flask mounted on the heating mantle with one of the
three necks connected to the first condenser. The middle neck of the flask was connected to a
thermocouple and adapter with a proper seal to prevent the evaporating products from escaping.
The third neck was where the raw plastic waste will be loaded into the flask and sealed with a
stopper after loading. The flask is held in place using a retort stand. The first condenser was
connected to an adapter with two outlets and one inlet. One of the two outlet is connected to a
receiving conical flask to collect the first condensate with the remaining outlet connected to a
second condenser. The system uses two stages of condensation to ensure most of the condensable
components are collected. This was done to improve the efficiency of the condensation process as
a single stage was considered not sufficient for the recovery of most of the liquid product
component. The second condenser was connected to a receiving flask with an outlet. The outlet of
the receiving flask was connected with a tube and inserted in a stopped flask with an outlet
containing a 1 M NaOH solution. The outlet of the stopped flask was also connected to a similar
set-up containing a 0.5 M NaOH solution. This formed a two-stage stripping system responsible
for stripping the non-condensable gases off any possible toxic air pollutant (Dioxins, CO, etc.).
The plastic types used for this study was found not to be associated with any of the possible air
pollutant during it pyrolysis as these toxic air pollutants are mostly associated with the pyrolysis
of PET and PVC. Also, the fact that this process is conducted in a non-combustion atmosphere
eliminate any possible production of toxic pollutants associated with the combustion processes.
However, as safety measure, because the combination of the three plastic types used is yet to be
studied, it was scientifically safe to assume the possible production of any of these toxic air
pollutants through reformation reaction. This reason led to the implementation of a stripping
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system to help curtail any possible production of toxic air pollutants. The non-condensable gases
after the stripping process is extracted in the fume chamber. The pre-processed (Shredded) waste
plastic materials with known weight (~200 g) was transferred into the round bottom borosil glass
ﬂask of capacity 2000 ml serving as the reacting vessel. The empty weight of round bottom ﬂask
was determined. After the raw materials have been loaded into the round bottomed ﬂask, the
opening will be connected to the condenser and the condenser connected to a receiving adapter.
The voltage regulator on the heating mantle was used to select the desired voltage level. The
voltage will be raised according to the gradient in Table 3-2 and 3-3. The process was allowed to
run for the desired residence time and the product produced was condensed and collected as the
reaction proceeds until the end of the allowed residence time. The liquid product was collected at
the bottom end as condensate. After distillation process, three types of fractions were observed
from the present research, a liquid product, char or tar, and a non-condensable gas (Ramakrishnan,
2015). The non-condensable gas component after the stripping process was taking up the vent in
the fume chamber. The possible stripped component with the NaOH solution is kept in a container
for proper disposal by the right authority. The process was repeated for each tested condition.
3.4

Product characterization
Liquid products obtained from the pyrolysis process under the conditions tested was

analyzed to ascertain the distribution of product composition. Samples from the pyrolysis process
using the tested conditions were subjected to GC-MS analysis using a Varian 3900 GC equipped
with Saturn 2100T MS. Helium (0.6 mL/min) was used as carrier gas with Restek Rxi®-1ms
column with dimensions of 10 m  0.10 mm with 0.10 m film thickness. Samples were injected
at least twice at a split ratio of 40 with a GC oven programmed as follows: initial temperature of
40 °C for 0.5 min, ramped to 300 °C at rate of 8 °C/min, and was held at 300 °C for 3.50 min.
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Electron Impact ionization (EI) was employed and the MS was run using two scan segments.
Segment 1 was set for mass range of 10 to 99 m/z from 0 to 1.50 min to pick up low molecular
compounds present in the samples. On the other hand, segment 2 was set for mass range of 100 to
249 from 1.50 to 36.50 min.
After analysis, the identity of the largest 60 peaks were determined using NIST (National
Institute of Standard and Technology) spectral library. Similar compounds (isomers) were
combined and were presented as a single compound. Due to the large number of compounds
present in all the samples, quantitation of the identified peaks was conducted using a calibration
curve of a representative compound (butyl octanol). This representative compound is chemically
similar to majority of the compounds present in the samples. The calibration curve for butyl octanol
is presented in Figure 6-2 in the appendix while the results of the analysis are presented in tables
in the results and discussion in section 4.

GC-MS
Figure 3-4: GC-MS analysis equipment

32

3.5

Evaluating the effect of catalytic cracking on the liquid product yield

Liquid pyrolysis products (operating condition: 50 min, 70 V) from PP plastic waste type was used
for this study. This part of the research was conducted by our research collaborators in University
of Louisiana, Lafayette. It was subjected to catalytic cracking utilizing a custom-made catalytic
reactor with in-line GC-MS and TCD analyzer (QUATRA-C) shown in Figure 3-5. Catalytic
cracking experiments was conducted using 2-HZSM5 (zeolite) catalyst with different SiO2/Al2O3
ratios (30 and 80) at temperatures 300, 400, and 500°C.

(a)

(b)

Figure 3-5: a) Schematic of QUATRA-C, b) Varian ChromatoProbe for solid sample injection
At the conclusion of this study, identities and distribution of catalytic cracking products (i.e.,
potential fuel, fuel additive, and precursor compounds) from plastic pyrolysis liquid fractions were
expected.
3.5.1

Catalyst properties and preparation

The zeolite catalysts used in this project were obtained from Zeolyst International. With
the exception of SiO2/Al2O3 ratio, the properties of the two catalysts are identical as shown in
Table 4-10. The nominal cation form refers to the chemical state of the catalyst as received from
the supplier. At this form, the catalysts are not active and thus, need to be calcined prior to use.
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Calcination was conducted using a muffle furnace at 550 °C for 2.5 hours. The calcination converts
the catalysts to their active hydrogen form (H+ZSM5). The calcined catalysts were stored in a
desiccator until further use.
Table 3-4: Properties of the catalysts used in this study
SiO2/Al2O3

Nominal Cation

Surface Area

Mole Ratio

Form

(m2/g)

CBV 3024E

30

Ammonium

400

CBV 8014

80

Ammonium

400

Catalyst

As previously mentioned, catalytic cracking and analyses were performed using Quatra-C
(Cryogenic Capillary Catalytic Cracker), which is an in-house built reactor/analyzer (Figure 3-5a).
This system is a modified Varian 3600 gas chromatograph with front and rear injectors being used
for reactant injector and reactor (catalyst bed), respectively. This system can take samples in any
form: solid, liquid or gas. Liquid and gas reactants are injected using syringes while solid reactants
are loaded in a glass crucible and are directly injected using a Varian ChromatoProbe (Figure 35b).
3.5.2

Catalytic cracking

Cracking reactions were performed by first adding 10 mg of the catalyst to the reaction
tube, which was a ¼ in. O.D. glass tubing (7.2 cm length x 3.9 mm I.D.). Silanized glass wool was
used to hold the catalyst in place and to reduce channeling through the catalyst. The catalyst-loaded
reaction tube was then placed inside the reaction zone of the Quatra C. The desired temperature
was set, and the catalyst was given time for off-gassing of air and adsorbed water vapor. The
air/H2O indicator of the mass spectrometer was monitored, and once within acceptable levels (≤
0.5 amu for air and ≤ 5 % H2O+/H2O for water), the reaction/analysis was initiated.
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Approximately 90 mg of liquid pyrolysis product was injected into the system. The injector
temperature was at 100 °C at the time of injection and was immediately raised to 300 °C at a rate
of 180 °C/min. The sample then passes through the catalyst bed and the products of catalysis was
analyzed by GC-MS (integral part of Quatra C). Chromatographic analysis was conducted with
helium as carrier gas using a ZB-1HT Inferno column (30 m  0.53 mm, 0.15 m film thickness).
The flow of helium through the catalyst bed and through the chromatographic columns was
adjusted to ~15 mL/min. The GC oven was programmed with an initial temperature of 40 °C for
3 min and was then ramped to 120 °C at 5 °C/min, then to 300 °C at 15 °C/min and was held at
300 °C for 5 min. Electron impact (EI) was employed for ionization and the MS was set to scan
between 50 – 300 m/z throughout the duration of the experiment. Catalytic product identification
was conducted using NIST spectral database and were quantified using authentic standards.
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RESULTS AND DISCUSSION

4.1

Effect of process conditions on liquid product yield
4.1.1

Effect of voltage input and residence time

As indicated in the methodology, the plastic type used in this part of the study is PP. A
liquid product range of differing physical properties were produced as the voltage input were
varied. There was a recognizable increase in viscosity of the liquid product with a color range of
light yellow to orange. As the voltage input increased, the product increasingly resembled a waxlike substance. Figure 4-1 shows the variation in liquid product appearance corresponding to the
voltage input variation. There was not much significant effect with residence time variation on the
physical properties at the level of time tested. To assess the effect on the yield, the trend of the
liquid product yield was examined against an increase in voltage input at three different residence
times.

Figure 4-1: a) Liquid product at 60V (, b) Liquid product at 70V, c) Liquid product at 80V, d)
Liquid product at 90V
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Table 6-1 in the appendix represent the recorded yield of all liquid products obtained for the
pyrolysis of PP in grams. Table 6-2 in the appendix shows the weight percentage yield of the liquid
product obtained under different voltage and residence time variation.
From the results, the highest liquid product yield was obtained using 80V for 55 min and
was 89.5 wt% of the initial weight of the plastic waste sample pyrolyzed. The recorded maximum
reaction temperature recorded for this yield was 497-500 °C. The use of voltage input as the
operating variable was as a result of the difficulty in controlling the temperature of the reaction.
The reaction itself generate some internal energy contributing to an increase in the input
temperature which means the measured temperature in the system may not be equal to the input
temperature. Also, it was identified that the temperature distribution in the system is not constant
and as such the placement of the temperature probe determines the temperature reading which
might not provide a true representation of the reaction temperature. The temperature probe for this
study was place in the sample close to the bottom of the reactor vessel. This is consistent with what
has been previously reported in previous studies for PP pyrolysis in terms of yield percentage. This
product obtained however was highly viscous and will require further product improvement
processes. This indicate a high conversion rate for the process in terms of desired products.
The general trend in yield with regards to voltage input and residence time variation is
represented in Figures 4-2 and 4-3. There was an observed increase in liquid product yield from
60 V to 80 V beyond which liquid product yield started decreasing. This indicates an increase in
the production of non-condensable gas products at higher voltage input. The trend was the same
at each level of residence time. This trend is also consistent with what was reported in previous
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YIELD VS VOLTAGE INPUT

LIQUID PRODUCT YIELD (WT%)

95
90
85
80
75

45 Minutes

70

50 Minutes

65

55 Minutes

60
55
50
50

60

70
80
VOLTAGE INPUT (V)

90

100

Figure 4-2: A chart representation of the trend in liquid product yield of PP pyrolysis base on
voltage input variation

studies which showed a decline in liquid product yield at higher reaction temperatures (Gao, 2010).
It is apparent that an increase in voltage input resulted in an increase in reaction temperature as
indicated by the recorded maximum reaction temperature in Table 6-2.

YIELD VS RESIDENCE TIME

LIQUID PRODUCT YIELD wt%

95

60 V (417
degrees)

90
85
80

70V (470
degrees)

75
70
65

80V (497
degrees)

60
55
50
40

45

50

55

60

90V (537
degrees)

RESIDENCE TIME (MIN)

Figure 4-3: A chart representation of the trend in liquid product yield of PP pyrolysis base on
voltage input variation
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It was observed that the effect of the residence time was mostly significant when operating at lower
voltage input and this effect was less significant as the voltage input increased. At 60 V, the yield
increased as the residence time increased and ANOVA results using an alpha value of 0.05
concluded that this effect was significant. This effect however started diminishing as the voltage
input was increased to 70 V, and 80 V and was no longer significant at 90 V as indicated by the
chart in Figure 4-3.
From the voltage input and residence time used, the energy input per gram of sample
pyrolyzed was estimated using the power-voltage-current relation (P = Voltage x Current). The
energy input per gram was then estimated using the power input with the residence time. Table 63 in the appendix shows the energy input per gram of samples with it corresponding liquid yields.
Sample calculation of the energy used per gram of samples pyrolyzed is shown in the appendix as
well.
The optimum liquid yield (89.5 wt %) was obtained using 9.98 KJ/g of electrical energy as
indicated in Figure 4-4. It was observed that an increase in energy used as a result of an increase
in residence time did not significantly increase liquid product yield, however, an increase in energy
used per gram of sample as a result of an increase in the voltage input contributed to a significant
increase in the liquid product yield. The profile is similar to that of the voltage input vs yield
profile. It can be inferred from these observations that below the 80 V threshold an increase in
energy used per gram through an increase in the voltage input will more likely contribute to an
increase in the liquid product yield than increasing energy used per gram by extending the reaction
time. These observations are highlighted by the chart in Figure 4-4.
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Energy used per gram profile
based on voltage
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Figure 4-4: a) Energy used per gram profile based on voltage, b) Energy used per gram profile
based on residence time
Overall it is apparent that proper optimization measures can help reduce cost on energy
used and residence time. It is clear from the results that there is a possibility of using extra energy
without substantially increasing liquid product yield. The optimum condition for high liquid
product yield in the bench-scale process was to use approximately 9.98 KJ of electrical energy per
gram to achieve the optimum liquid product yield of 89.5 wt % from PP pyrolysis and this was
achieved by using 80V of electricity for 55 minutes.
4.1.2

Effect of plastic waste type on the liquid product yield

Plastic wastes are mostly collected as a mixture of different types of plastic with each type
of plastic having a different composition as they are made up of different monomers. As a result,
most management techniques involve processes for separating these plastic types (sorting) for ease
of processing or to suit the type of management process. In relating to plastic pyrolysis, the type
of plastic being pyrolyzed contribute to the liquid product yield and the effect of this is what is
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covered in this study. Different types of plastic in the waste stream specifically HDPE, PP, TPU,
and a mixture of all three types in equal proportion by weight were pyrolyzed and the observation
in terms of liquid product yield is presented in Table 6-4. Liquid product samples collected with
each plastic waste feed type is presented in Figure 4-5. The product obtained for all the plastic
waste types were observed to be more viscous as the voltage input increased. HDPE produced the
most viscous product with the product solidifying few minutes after the process for samples
obtained beyond 60 V. TPU produced a dark colored product that was less viscous compared to
that of HDPE however more viscous than the product from PP. The product from the mixed plastic
waste followed a similar viscous trend to the products from the individual plastic types. The
product appeared to form layers which seemed to be a representation of the products from the
individual plastics present in the mixture.
The trend of the liquid product yield with variation in voltage input at a fixed residence
time is also demonstrated by the chart in Figure 4-6. The temperature profile shown in Figure 6-1
and the recorded maximum temperature values in Table 6-5, all shown in the appendix indicate
that’s each plastic types possess a different temperature profile.

a)

b)

c)

Figure 4-5: a) liquid product sample from TPU, b) liquid product sample from mixed PP, HDPE,
and TPU, c) liquid product sample from HDPE
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PLASTIC WASTE TYPE VS YIELD
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Figure 4-6: The trend of liquid product yield for the plastic waste types in the feedstock

From Figure 4-6, among the three plastic waste types studied, pyrolysis of PP produced the highest
liquid product yield at 88.5 wt.%, followed by HDPE with it highest liquid product yield at 87.9
wt. %, and the least liquid product yield coming from TPU with 51.50 wt. % under the same
operating condition of 60 V for 50 minutes. Each of these recorded yields are consistent with what
has been reported in previous studies (Gao, 2010). The trend of liquid product yield with respect
to voltage input followed a similar pattern for all three plastic types under the condition tested.
There was an initial increase in liquid product yield as the voltage increased to 80 V but started to
decline beyond 80V. There was a reduction in yield for the mixture of the three plastic waste types
compared to those obtained for pyrolyzing PP, and HDPE individually but it was however greater
than the yield for TPU. The production of non-condensable gas was high in the TPU pyrolysis
which may have accounted for the low liquid product yield. The high production of noncondensable gases in the TPU might have resulted from the high temperatures recorded during the
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TPU pyrolysis as high temperatures favors non-condensable gas production. The proportion of the
plastic types in the waste stream was equal and as such the yield obtained for the mixture is
consistent mathematically. It indicates that each component of the mixture may have contributed
it individual liquid product yield to the liquid product yield of the mixture. The liquid product yield
appears to be the average of the liquid product yield of the individual plastic types (PP: 88.5 w%,
HDPE: 87.9 wt%, TPU: 51.50 wt%, average of their yields: ~76 wt%, Mixture: 76.5 wt%).
However, this is not consistent with previous studies, which identified ~48 wt% of liquid product
production from PP and PS with each component reporting >80 wt% of liquid product yields
individually. This assumption can therefore be investigated to ascertain it consistency. The yield
trend for the mixture however produce a yield that showed a continuous increase in yield with
increase in voltage input within the tested range. The recorded yield for the mixture (maximum
recorded yield of 77 wt%) though lower compared to the yields for HDPE, and PP individually, is
however high compared to the percentages recorded in past studies (48.8 wt%) involving a mixture
with PP (Gao, 2010). This could be due to the high heat generated by the pyrolysis of TPU
indicated by the high temperature recordings for the TPU pyrolysis. The maximum recorded
temperature for the plastic types at each tested condition is shown in the temperature profile in
Figure 6-2 in the appendix. It can be inferred from these observations that the yield of liquid
product is affected by the plastic waste type and is reduced when there is a mixture. Proper
understanding of what contributes to the reduction pertaining to liquid product yield from
mixtures, can be ascertained through further studies covering different mixture variations and
different plastic types combination. The degree of reduction however, may be dependent on the
type of plastics in the mixture or the proportion of the plastic types in the mixture.
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4.2

Effect of operating conditions on product composition distribution
4.2.1

Effect of voltage input and residence time

The overall goal of this study is to evaluate pyrolysis as a means to repurpose plastic waste
obtained from medical service facilities into fuel and fuel additive compounds. To achieve this
goal therefore, part of the study was to analyze samples obtained from the pyrolysis process to
identify and quantify the available compounds with fuel and/or fuel additive potential and how
their distribution is affected by the variation in voltage input and residence time. The samples for
this part of the study was those obtained from the pyrolysis of PP as this is related to objective 1.
PP was used as the plastic type for objective one because it formed the dominant component in the
plastic waste stream of our project sponsors. Cyclooctanol butyl was used as the standard for the
GCMS analysis as it is assumed to have similar properties as the potential composition of the liquid
product sample. Figure 6-1 in the appendix shows the linear graph for this reference analysis.
Figure 4-7 and 4-8 represent the chromatogram for the analysis of samples obtained using 60 V,
70 V, and 80 V at a fixed time of 50 min and samples obtained using 45 min, 50 min, and 55 min,
at a fixed voltage of 70 V.
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50 min vs 60 V
50 min vs 70 V
50 min vs 80 V

Figure 4-7: GC-MS trace during the analysis of samples from PP pyrolysis using 50 min against
60 V, 70 V, and 80 V

70 V vs 45 min
70 V vs 50 min
70 V vs 55 min

Figure 4-8: GC-MS trace during the analysis of samples from PP pyrolysis using 70 V against 45
min, 50 min, and 55 min
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Analysis of samples derived from pyrolysis experiments with different voltage inputs
showed no substantial differences in the liquid product composition distribution profile base on
the chromatogram in Figure 4-7. The chromatogram uses the residence time of each identified
compound to characterize the composition of each sample and per the analysis of the
chromatogram, the same compounds were identified in each sample base on the recorded residence
times. No substantial differences were observed with variation in the reaction time (Reference to
the time range: 45 min – 55 min) as well as shown in Figure 4-8. Several compounds with potential
for fuel and fuel additives that are present in substantial quantities were identified from the PP
pyrolysis as shown in Table 4-1. Four major compounds base on the level of concentration were
identified with fuel and/or fuel additive potential which are highlighted in Table 4-1.
Dimethyltetradecenol, Eicosene, Hexacosene, and Trimethylcyclohexane were the four major
component (with carbon number ranging from C9 – C26) of the liquid product from PP pyrolysis
under the tested operating condition as described in the methodology. Figure 4-9 shows the
chemical structure of the four major compositions. The compositions of the liquid products were
identified to be hydrocarbons ranging from C6 to C42. Petroleum fuels, such as LPG, petrol,
kerosene, and diesel, are hydrocarbons from C1 to C24 (Gao, 2010) and most of the identified
hydrocarbons fall within this range with a few of them outside the range. This indicate the potential
for this product to be used as fuel substitute or fuel additives with further modification through
product improvement processes such as catalytic cracking which can further shortened the long
chain hydrocarbons into shorter chain hydrocarbons.
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Table 4-1: Characterization of products from pyrolysis of PP
Compound Name

Concentration (g/L)

Hexyl isopropyl succinate

5.99

Cyclohexane, trimethyl

27.14

Cyclohexene, trimethyl

5.00

Octahydronaphthalene

3.83

Trimethylcyclohexyl methanol

7.24

Ethanol, 2-(9-octadecenyloxy)

5.67

Eicosene

17.74

Tetracosanol

2.45

Decanol, hexyl

0.61

Hexylnitrocyclohexane

2.12

Dimethyl-tetradecenol acetate

18.59

Naphthalene, decahydro

0.60

Cyclooctacosane

5.68

Cyclodocosane, ethyl

0.56

Hexacosanol

4.38

Docosene

0.68

Docosanol

3.66

Undecenol, dimethyl

0.70

Octatriacontadiene, tetramethyl

6.84

Dodecanol, trimethyl

2.05

Heptacosanol

0.87

Pentatriacontadien-2-one

6.49

Erucic acid

0.54

Hexacosene

14.32

Heptatriactontadien-2-one

0.61
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However, compounds such as Eicosene, one of the dominant components identified in the product
from PP pyrolysis have uses in both industrial (Industrial uses: Lubricants and lubricant additives,
Viscosity adjustors, Fuels and fuel additives, Surface active agents) and domestic systems
(Consumer uses: Automotive care, products, Lubricants and greases and consumer products).

a)

b)

c)

d)

Figure 4-9: a) Dimethyl-tetradecenol acetate, b) Cyclohexane, trimethyl, c) Eicosene, d)
Hexacosene
It can therefore be inferred from the results obtained that under the tested conditions,
optimum operating conditions in terms of voltage input (reaction temperature) and residence time
can be varied to obtain the maximum liquid yield without emphasis on the product composition as
variation in this condition only affected the yield substantially but not the product composition.
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4.2.2

Effect of the plastic waste type on liquid product composition distribution

To understand the effect of the plastic waste type in the feedstock on the product
composition distribution, samples from the pyrolysis of HDPE, TPU, and PP, under the same
operating condition were analyzed for their product composition and compared with samples
obtained from the pyrolysis of a mixture of the three plastic types under the same operating
condition. Previous studies indicate that possible secondary reactions as well as reformation
reaction occur during plastic pyrolysis because of free radical formation during the pyrolysis
reaction (Gao, 2010). It was therefore hypothesized that the presence of different plastics
synthesized using different monomer compounds will produce different free radicals which may
interact differently during these possible secondary and reformation reactions leading to the
production of potentially different liquid product composition. The GCMS analysis was conducted
with the help of our research collaborators in University of Louisiana, Lafafeyette. Results from
the analysis are presented as charts in the form of a chromatogram and in tables indicating the
concentration of the compound (g/L) in the sample analyzed.
The result from the GCMS analysis of the sample from HDPE pyrolysis is represented by
the chromatogram in Figure 4-10 with the identified compounds listed in Table 4-2 with their
concentrations. The identified compounds from the HDPE sample were mostly hydrocarbon
compounds with potential fuel and/or fuel additive properties. The major compositions identified
base on the level of their concentration were Pentadienol, propyl, Tetradecene, Hydroxylamine,
O-decyl, Cyclooctacosane, Eicosanol, Hexyldecanol, Nonenal and Pentacontanol.
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Figure 4-10: GC-MS trace during the analysis of sample from HDPE pyrolysis using 50 min: 60
V
The result for the TPU sample is shown by the chromatogram in Figure 4-11 with the major
composition base on concentration highlighted in Table 4-3 which includes Benzenamine, 4,4'methylenebis, Ethylidene norbornene, 4-Dimethoxybenzyl) [2-methyl] ether, and Toluidine. All
the identified compounds are hydrocarbon compounds with their carbon number ranging
indicating potential fuel and/or fuel additive characteristics. The result for the PP is presented and
analyzed in section 4.2.1.
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Table 4-2: Characterization of product from pyrolysis of HDPE using 50 min: 60 V
Compound Name

Concentration (g/L)

Tetradecanoic acid, methyl

0.08

S-containing compound

4.21

Cyclopentene, methyl

2.48

Pentadienol, propyl

9.72

Nonenal

9.55

Tetradecene

19.86

Cyclooctacosane

12.41

Octadecyne

0.35

Eicosene

4.32

Hydroxylamine, O-decyl

13.38

Eicosanol

11.02

Octanol, butyl

4.41

Pentadecenol

0.60

Heptadecyne

0.51

Heneicosene

8.51

Hexacosene

3.72

Hexyl octanol

4.40

Decanol, hexyl

14.85

Pentacontanol

9.49

Docosanol

1.95

Heptacosanol

0.43
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Figure 4-11: GC-MS trace during the analysis of sample from TPU pyrolysis using 50 min:60 V.

Figure 4-12 represent the GCMS trace for the analysis of the liquid product sample from
the mixed plastic waste pyrolysis. The identified product composition for this sample is listed in
Table 4-4 with the dominant components highlighted. All the compounds identified for the mixed
plastic waste liquid product sample were hydrocarbon compounds that shows promise for it use as
fuel and/or fuel additives. Butyl cyclooctane, (20.08 g/L) was the most dominant compound with
the next dominant compound {2-Amino-1-(4-hydroxyphenyl) propan-1-one} having a
concentration of 7.59 g/L. All the major component base on concentration levels identified in the
liquid product sample from the PP pyrolysis were identified in the mixed plastic sample except the
most dominant component (Cyclohexane, trimethyl: 27.14 g/L) which was not found to be present.
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Table 4-3: Characterization of products from pyrolysis of TPU using 50 min and 60 V
Compound Name

Concentration (g/L)

Octanetetrol

3.65

Dimethyl cyclohexadiene

2.18

Ethylidene norbornene

14.59

Toluidine

17.78

1H-Indene, 3-methyl-

3.34

Tricyclo (3.2.1.0(2,4)) oct-6-ene

0.36

Cyclopentanone, 2-cyclopenty

5.24

(3,4-Dimethoxybenzyl) [2-methyl ether

7.71

Docosanoic acid, 1,2,3-propanetriyl ester

1.31

Diphenylmethane

0.26

Quinolinecarboxaldehyde

1.35

Piperidine, phenyl

0.88

Unknown

0.86

2-(1-Cyclohexenyl) cyclohexanone

0.38

1,6-Dioxacyclododecane-7,12-dione

1.91

Methyl tetradecenol acetate

0.98

4-Methyl-2,5-quinolindiol

2.18

1H-Indole, 4-(3-methyl-2-butenyl

0.26

Cyclohexanone,
trimethyl-

4-hydroxy-4-(3-hydroxy-1-butenyl)-3,3,5- 0.37

Cyclohexane carboxylic acid,

2.52

Benzenamine, 4-(phenylmethyl)

4.09

2(3H)-Naphthalenone,4,4a,5,6,7,8-hexahydro-4a-methyl-

1.97

7-Isopropyl-4-morpholinomethyl sulfide

0.46

2,5-Dimethyl-4-benzyl-pyridine

0.74

Pyridine, 3-(2,4,6-trimethyl

0.23

p,p'-Ditolylamine

1.15
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2-Naphthaleneacetonitrile, 6

0.21

Dodecanoic acid, tetradecyl

3.62

Hexanedioic acid, bis (2)-meth

0.29

Benzenamine, 4,4'-methylenebis

9.31

1,3,2-Dioxaphospholane, 2-(4

1.22

[1,1'-Biphenyl]-4,4'-diamine

3.17

(6-Imidazol-1-ylpyridazin-3-

0.40

6-Methyl-2- [4-(5-nitrosalicy

0.39

1,4-Dioxaspiro [4.5] decane-7-

1.10

Neutral red

2.82

Equilenine

1.16

3-t-Butyl-4,5-diphenyl-1H-py

0.99

3-t-Butylimino-6-methoxy-2-p

0.47

Bulbocapnine

0.39

Yohimbane

0.56

Yohimban-17-one

0.59

3-Ethoxycarbonyl-2-ethyl-4(3

0.31

Propyl pentadienol, and Nonenal were major components found in the HDPE pyrolysis sample but
was not found to be present in that of the mixture. The only major component identified in the
liquid product from TPU that was identified in that of the mixed plastic waste liquid product
sample was Benzenamine, 4,4'-methylenebis. All major compounds identified in the individual
plastic waste types that were detected in the mixed plastic waste type were present as minor
components. Fifteen of the components including the most dominant component (cyclooctane,
butyl) identified from the liquid product sample from the mixed plastic waste pyrolysis were
compounds not identified in any of the liquid product samples from the three individual plastic
waste types.
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Figure 4-12: GCMS trace during the analysis of sample from the pyrolysis of the mixed plastic
waste using 50 min and 60 V
Variation in the liquid product composition from the analysis of the liquid product from
the mixed plastic waste type in comparison with the individual plastic type (HDPE, PP, and TPU)
indicate a significant effect of the plastic waste type on the liquid product obtained from plastic
pyrolysis. Most of the compounds identified in the sample from the pyrolysis of the mixed plastic
waste type were compounds also found in the sample analysis from the individual plastic waste
types, however, the identification of fifteen new compounds as well as the major compound in
terms of concentration, not identified with any of the individual plastic waste types substantiate
the mixing effect hypothesis to some degree.
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Table 4-4: Characterization of liquid product sample from the pyrolysis of mix plastics
Compound Name

Concentration (g/L)

2-Amino-1-(4-hydroxyphenyl)propan-1-one

7.59

Cyclooctane, butyl

20.08

Unknown

5.85

Tetradecene

2.87

Oxalic acid, isobutyl nonyl

1.40

Hexane, dimethyl

1.42

Benzenamine, methyl

0.88

Hexadecene

3.48

Octadecyne, methyl

1.21

Hydroxylamine, O-decyl

0.75

Hexacosanol

5.43

Octadecane, ethenyloxy

2.39

Eicosene

3.15

Methyl hexadecenal

3.11

Octanol, butyl

0.86

Dimethylquinolin-4(1H)-one

1.29

Hexyl nitrocyclohexane

1.74

Decanol, ethyl

1.22

Tetracosanol

2.40

Pentadecenol

1.65

Naphthalene, decahydro

1.13

Hexyl octanol

6.79

Hexadecanol

2.07

Docosanol

3.77

Ethanol, 2-(9-octadecenyloxy)

3.82

Cyclooctacosane

1.54
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Heneicosene

1.58

Eicosanol

1.72

Hexacosene

3.95

Benzenamine, 4,4'-methylenebis

0.66

Tetracontane, trimethyl

1.77

Decanol, hexyl

0.90

Dimethyl-tetradecenol acetate

1.09

Octatriacontadiene

0.77

Pentacontanol

0.51

Heptacosanol

0.93

Overall, there was an observed effect of the plastic waste type in the feedstock on the liquid
product composition and should be considered in making optimization decision with regards to
process feed condition. The products obtained from all the plastic waste types were found to
contain compounds with potential fuel and fuel additives. However, a further improvement and or
modification needs to be applied to further produce shorter chain hydrocarbons in the product to
improve its quality as majority of the composition were still long chain hydrocarbons. The quality
requirement for fuel grade substances is a high-octane rating and shorter chain hydrocarbon
compounds contribute to this rating. In view of this, an extension to the objective of this research
was conducted to implement a product improvement process to further improve the product
quality. The proposed process was catalytic cracking which is described in Section 4.3. The results
obtained from the process are presented in the same section.
4.3

The effect of catalytic cracking as a product improvement process
Tables 4-5 and 4-6 show the result of the catalytic cracking of liquid sample from pyrolysis

of PP plastic waste type. Sample chromatograms during runs are presented in Figures 4-13 to 457

15, which showed that most of the compounds present in the pyrolysis sample were converted to
aromatic-type compounds, which can be used as fuel additive or as precursor to other chemicals.
The identified dominant compounds were toluene, xylene, trimethyl benezene, and dimethyl
nonane. Toluene for instance have been found to boost the octane rating of gasoline fuel
(Demirbas, Balubaid, Basahel, Ahmad, & Sheikh, 2015) as well as it use as a jet fuel surrogate
(Chunsheng & Fokion, 2011).
Table 4-5: Catalytic cracking of liquid sample from pyrolysis of PP plastic waste using CBV
3024E at various temperatures
Products

Temperature (°C)

(g/100g of sample)

300

400

500

Toluene

0.00

0.00

4.11

Xylene

0.12

29.75

33.28

Trimethyl Benzene

0.38

1.44

0.44

Dimethyl Nonane

0.38

0.47

0.47

Total Amount

0.88

31.66

38.30

Table 4-6: Catalytic cracking of liquid sample from pyrolysis of plastic medical waste using CBV
8014 at various temperatures
Products

Temperature (°C)

(g/100g of sample)

300

400

500

Toluene

0.00

0.00

12.27

Xylene

0.25

11.25

13.96

Trimethyl Benzene

0.06

5.15

2.21

Dimethyl Nonane

2.32

2.44

2.51

Total Amount

2.63

18.84

30.95
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Figure 4-13: Total ion chromatograms: Standard Mixture (Top), Pyrolysis sample – no catalyst
(Middle), Pyrolysis sample + CBV 3024E (Bottom)

Figure 4-14: Representative extracted ion chromatograms, 91 m/z - Toluene: Standard Mixture
(Top), Pyrolysis sample – no catalyst (Middle), Pyrolysis sample + CBV 3024E (Bottom)
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Figure 4-15: Library searches and matches, 91 m/z - Toluene: Standard Mixture (Top),
Pyrolysis sample – no catalyst (Middle), Pyrolysis sample + CBV 3024E (Bottom)
4.3.1

Effect of cracking temperature

For both catalysts, results showed (Tables 4-5 and 4-6) that the total yield of catalytic
products increased with temperature. This increase in product formation could be attributed to the
increase in kinetic energy of the starting materials (pyrolysis sample) at higher temperatures.
Increase in kinetic energy is synonymous to an increase in collision between the reactant (and/or
initial cracking products) and the active sites of the catalyst resulting in a higher reactant
conversion and product formation. The profile or identity of products formed are similar at all
temperatures, except for toluene which were not detected at 300 and 400°C. This may be as a result
of toluene serving as intermediate towards the production of higher molecular weight aromatic
compounds (i.e. xylene, trimethyl benzene) during catalysis. Two molecules of toluene can be
converted to xylene as shown in Figure 4-16 through a catalytic disproportionation reaction
(Othmer, 1995).
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Figure 4-16: Formation of xylene and benzene through catalytic disproportionation reaction of
toluene (Othmer, 1995)
Thus, product improvement processes proper process control techniques are required to obtain
the desire product as a slight change in process conditions can result in the production of
undesired product.
4.3.2

Effect of SiO2/Al2O3 of the catalyst

Zeolite activity is directly related to the concentration of the acid sites, which increases as
the ratio SiO2/Al2O3 of decreases. This means that the CBV 3024E catalyst is much more acidic
(and thus, more active) than the CBV 8014 catalyst. This explains the results obtained from the
two catalyst, where product yield is higher for CBV 3024E than CBV 8014. However, the
difference in yields is not as high as expected considering the big difference in SiO2/Al2O3 of the
two catalysts. This could be due to presence of water in the pyrolysis sample, which could affect
the activity of the catalysts. The presence of water in the pyrolysis sample could affect the CBV
3024E more than the CBV 8014. This is because the catalyst becomes more hydrophobic as its
SiO2/Al2O3 ratio decreases. Drying of the pyrolysis sample could dramatically improve product
yields for both catalysts.
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CONCLUSIONS AND RECOMMENDATIONS

5.1

Conclusion
HDPE, PP, and TPU were plastic types found in the plastic waste stream collected by HNV,

LLC (project sponsors and partners) from medical service facilities for management. This study
was conducted to aid HNV, LLC in their preliminary studies of possible plastic waste management
alternative to their current management process. The purpose of this study was to investigate
pyrolysis as an alternate plastic waste management process and provide important process
operation information that will contribute to their decision making. This study however will not
form the only basis on which decision will be made. The operation conditions examined for the
bench-scale process included voltage input (reaction temperature) and residence time, plastic type
in the waste stream (feedstock), and catalyst (catalytic cracking) which was later added as an
extension to the study. These were examined to identify their effect on the liquid product yield and
composition. The voltage input and the residence time were converted into energy used per gram
of sample for use as basis for future upscale studies. The expectation of this research was to obtain
important process information for operating a pyrolysis reaction to convert medical plastic waste
streams containing mixed plastic types into a potential fossil fuel alternative product. The process
information investigated by this research includes operating condition for optimum liquid product
yield in a bench scale process as well as the liquid product composition.
From the results obtained from the research, a liquid product yield trend was established
with optimum liquid product yield value of approximately 90 wt% (Peak yield) at 80 V for 55
minutes for the PP pyrolysis. The yield increased up to 80 V and started declining afterwards for
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all tested residence times (45 min, 50 min, 55 min). A conversion of the voltage input and residence
time into voltage showed an optimum energy used per gram of approximately 9.98 KJ/g for a
maximum liquid product of 89.5 wt%. An increase in energy use per gram as a result of residence
time did not substantially increase yield but an increase in energy used per gram as a result of an
increase in voltage input lead to a significant increase in voltage input below 80 V. This therefore
indicates that voltage (temperature) is more significant in optimizing the processing condition of
the plastic pyrolysis process than time. However, it depends on the cost involving these two
conditions (power and time) to make final optimization decisions. It does also affirm some of the
postulates from past research which suggest that the significance of the residence time effect is
limited by the processing temperature (Mastral et al., 2003) as an increase in the voltage input
contributed to a significant increase in the maximum reaction temperature whereas the residence
time did not.
The product composition distribution of the liquid product from the PP pyrolysis was
however, not substantially affected by variation in voltage input and residence time. This indicates
that for the bench scale process, the process can be optimized to obtain the maximum liquid
product yield without emphasis on how the product composition is affected. The identified liquid
product composition were mostly hydrocarbons (carbon number range of C6-C46) with potential
application as fuel and/or fuel additives. The product however, requires further product
improvement process to improve it quality for it application as fuel since a carbon number range
for petroleum fuels, such as LPG, petrol, kerosene, and diesel, are hydrocarbons from C1 to C24
(Gao, 2010).
It was also observed that the type of plastic in the feedstock can significantly affect both
the liquid product yield and composition. The liquid product yield for the mixture was observed
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to be lower than that obtained from the pyrolysis of PP, and HDPE individually but greater than
the yield from TPU pyrolysis using the same operating condition. The reduction in yield is
consistent with literature, however, the degree of reduction may be dependent on the plastic
combination in the waste. If the difference in yield for the individual plastics present in the mixture
is large, this may contribute to a high reduction in yield. To fully understand this effect further
studies, expanded to cover a wide range of plastic types, and proportion ratios, should be conducted
to establish a reliable pattern or trend. However, with regards to HNV’s (project sponsors and
partners) waste collection, the decision to use this plastic waste combination will be dependent on
other factors such as cost of sorting vs cost of energy and resources as more energy is required to
achieve yields closer to the yield from individual plastics as indicated by the increasing trend of
the yield from the mixture observed in this study. The results also indicate that compounds from
different plastic types can be incorporated into one liquid product through mixing as most of the
identified compounds in the mixed plastic waste liquid product sample were identified in the liquid
product from the individual plastic waste types. The decision therefore depends on the desired
product composition distribution.
As earlier indicated in this section, the liquid product required further improvement it
quality and as a result this research was extended to examine the application of a product
improvement process, specifically catalytic cracking. The results from this process showed a
conversion of most of the composition of the liquid sample into aromatic-type compounds, which
can be used as fuel additive or as precursor to other chemicals. The dominant compounds identified
were Toluene, Xylene, Trimethyl Benzene, and Dimethyl Nonane. Toluene was found to be
formed at temperatures above 400 °C. Aromatic compounds also contribute high octane rating in
fuel products. Catalytic cracking showed a significant improvement in the product composition as
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most of the composition from the liquid product from PP plastic waste pyrolysis were converted
to aromatic-type compounds that had more potential in it application as fuel additives or precursor
for other compounds of known industrial/commercial value as fuel additives, solvents, and raw
material chemicals.
5.2

Recommendations
In all, this information will contribute greatly to the preliminary studies as this will provide

an insight on plastic pyrolysis process and the potential of the product to be obtained from it.
Information on energy used will contribute to cost of energy analysis. However, better judgement
will be provided if future studies covers a wide range of plastics with more varying mixture ratios,
energy balance analysis, more product improvement analysis, full process design and scale-up at
a semi-pilot and pilot scales, Exploration of other potential product streams (e.g., waxes) full
energy analysis to determine net energy expenditures, cost analysis using simulation software
(Aspen Plus) to evaluate economic feasibility. The successful studies leading to the
implementation of this study will help mitigate the growing problems associated with landfilling
and on the broader scale help contribute to the protection of our environment as the volume of
plastic in the system in Kalamazoo will be potentially reduced. There is the added benefit of
potentially producing fuel alternatives reducing the burden on fossil fuel in this region.
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APPENDIX

Recorded raw data and figures
Table 6-1: Liquid product yield from PP pyrolysis in grams
Maximum
Recorded Temp
Voltage used

419 °C
60 V

477 °C
70 V

500 °C
80 V

544 °C
90 V

45 min

121.5 g

171.5 g

172.5 g

160 g

50 min

132 g

172.5 g

177 g

161 g

55 min

149.5 g

174.5 g

179 g

160.5 g

*Yield obtained out of 200g raw plastic waste samples
Table 6-2: Percentage yield of liquid product from PP pyrolysis measured in weight percent (wt%)
Recorded reaction
temperatures (◦C)

419 °C

477 °C

500 °C

544 °C

Voltage Used

60 V

70 V

80 V

90 V

45 min

60.75 wt%

85.75 wt%

86.25 wt%

80 wt%

50 min

66 wt%

86.25 wt%

88.5 wt%

80.5 wt%

55 min

74.75 wt%

87.25 wt%

89.5 wt%

80.25 wt%

*Liquid product yield in Wt% (Weight percent)
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Table 6-3: Energy used per grams of sample pyrolyzed with corresponding liquid product yield
Testing
Voltage
Residence time Energy used per Liquid product
conditions
Input (V)
(min)
gram (KJ/g)
yield (wt %)
1
60
45
6.1236
60.75
2
60
50
6.804
66
3
60
55
7.4844
74.75
4
70
45
7.1442
85.75
5
70
50
7.938
86.25
6
70
55
8.7318
87.25
7
80
45
8.1648
86.25
8
80
50
9.072
88.5
9
80
55
9.9792
89.5
10
90
45
9.1854
80
11
90
50
10.206
80.5
12
90
55
11.2266
80.25
* 200 grams of samples each were pyrolyzed for each tested condition, wt% = (weight of
liquid product yield/weight of sample) x 100
Table 6-4: Liquid product yield obtained for the plastic waste types at different voltage settings
LIQUID PRODUCT YIELD (WT %)
Voltage input

60 V

70 V

80 V

90 V

PP

66.00

86.25

88.50

80.50

HDPE

41.55

81.90

87.90

83.88

TPU

44.53

51.75

51.50

44.75

MIXED

52.00

73.13

76.48

77.00

Table 6-5: Recorded reaction temperatures for the pyrolysis process involving plastic waste types
RECORDED MAXIMUM REACTION TEMPERATURES (°C)
Voltage Used

60 V

70 V

80 V

90 V

PP

416-419

470-477

497-500

540-544

HDPE

444-450

460.8-466

510-515

524-527

TPU

540-54 8 730-735

756-760

777-778

MIXED

455-459

545-547

540-545

539-541
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Maximum recorded temperatuce (°C)

Temperature profile for the plastic types
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Figure 6-1: Temperature profile for the plastic waste types
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Figure 6-2: Calibration curve (butyl octanol) used for quantitation of pyrolysis products
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Equations for Energy used per gram calculation
Power = Current used X Voltage
Eg. Current = 7.56 Amps., Voltage = 60 V, Residence time 45 minutes, Mass of sample = 200g
This Implies Power = 7.56 Amps X 60 = 453.6 Watts
Energy used = Power X Residence time
Energy used = 453.6 X 45 min X 60 s = 1,224,720 J
Energy used per gram = Energy used / mass of sample pyrolyzed
Energy used per gram = 1,224,720 J / 200 g = 6.123 KJ/g
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